The aim of this study is to investigate the effect of geogrid on the drying shrinkage behaviour of concrete pavements. For this purpose, two categories of concrete specimens were prepared and tested by drying them within the controlled environmental conditions, for 56 days. The first category of specimens included casting and testing nine concrete prism specimens having dimensions of 75 x 75 x 280 mm. These specimens were divided into three groups. The first group included three unreinforced concrete prism specimens and taken as references. The second group consisted of three concrete prism specimens reinforced with a single biaxial geogrid layer located at 20 mm from the top of specimen. The last three specimens (third group) were reinforced with a biaxial geogrid layer placed at 37.5 mm from the top of specimen. The second category of specimens, which was suggested in this study to simulate the behaviour of concrete pavements, consisted of preparing and testing six concrete slab specimens. They had dimensions of 30 x 280 x 280 mm. The specimens of this category were divided into two groups. The first group included three unreinforced concrete slab specimens (References). The second group included three concrete slab specimens reinforced with a single biaxial geogrid layer placed at 15 mm from the top of specimen. The changes in the length of the prisms and the changes in the area of the slabs were measured and evaluated. Test results obtained illustrate that, under the controlled drying conditions, the geogrid can slightly reduce the drying shrinkage strains of the concrete pavements. The aim of this study is to investigate the effect of geogrid on the drying shrinkage behaviour 11 of concrete pavements. For this purpose, two categories of concrete specimens were prepared 12 and tested by drying them within the controlled environmental conditions, for 56 days. The 13 first category of specimens included casting and testing nine concrete prism specimens having 14 dimensions of 75 × 75 × 280 mm. These specimens were divided into three groups. The first 15 group included three unreinforced concrete prism specimens and taken as references. The 16 second group consisted of three concrete prism specimens reinforced with a single biaxial 17 geogrid layer located at 20 mm from the top of specimen. The last three specimens (third 18 group) were reinforced with a biaxial geogrid layer placed at 37.5 mm from the top of 19 specimen. The second category of specimens, which was suggested in this study to simulate 20 the behaviour of concrete pavements, consisted of preparing and testing six concrete slab 21 specimens. They had dimensions of 30 × 280 × 280 mm. The specimens of this category were 22 divided into two groups. The first group included three unreinforced concrete slab specimens 23 (References). The second group included three concrete slab specimens reinforced with a 24 2 single biaxial geogrid layer placed at 15 mm from the top of specimen. The changes in the 25 length of the prisms and the changes in the area of the slabs were measured and evaluated. 26
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Test results obtained illustrate that, under the controlled drying conditions, the geogrid can 27 slightly reduce the drying shrinkage strains of the concrete pavements. 28 the cracking resistance of concrete specimens could be increased. However, using geogrid 94 products for reinforcing the Portland cement concrete elements are a new direction. So, 95 additional research studies to find out more benefits for geogrid applications are required. In 96 this study, the biaxial geogrid was used as a restraining layer of drying shrinkage for concrete 97 prism and slab specimens. 98
Objective of study 99
The purpose of this study is to investigate the effect of geogrid on the drying shrinkage 100 behaviour of concrete pavements by drying the specimens within controlled environmental 101 conditions, at a temperature of 23 ± 3˚ C and Relative Humidity (RH) of 60 ± 10%. Two 102 categories of normal strength concrete specimens were prepared and tested. They were prism 103 and slab specimens having dimensions of 75 × 75 × 280 mm and 30 × 280 × 280 mm, 104 respectively. 105
Properties of biaxial geogrid 106
The biaxial geogrid was used as a drying shrinkage restraining layer. This is because the 107 arrangement of biaxial geogrid ribs and roughness of nodes' surface can provide an 108 appropriate bond between the geogrid layer and the surrounding concrete [20] . 109
The biaxial geogrid used in this study is manufactured from polypropylene composite 110 materials [21] . It had square openings with inner dimensions of 38 × 38 mm, as shown in 111 Figure 1 . The ribs of the biaxial geogrid used were interconnected together at one point called 112 node (junction). They had a cross section area of 2 × 3 mm measured by a digital vernier 113 calliper gauge. 114
The mechanical properties of the biaxial geogrid were determined using the standard of 115
American Society for Testing and Materials (ASTM) D6637/D6637M-15 [22] . The Single 116
Geogrid Rib (SGR) sample was adopted in this test. In total, five SGRs were prepared and 117 tested under a tensile force at a rate of 8 mm/min, as shown in Fig. 2(a) . The instron tensile 118 testing machine that has a capacity of 10000 N was used to test the geogrid samples. All tests 119 were conducted at the High Bay Laboratory of the School of Civil, Mining and 120
Environmental Engineering, University of Wollongong (UOW), Australia. 121
Each biaxial geogrid sample was selected from the batch and prepared according to the 122 requirements of ASTM D6637/D6637M-15 [22] . All samples consisted of four junctions in 123 order to provide the minimum required length and were free from any surface defects. The 124 average length of geogrid samples, which is defined as the length of geogrid rib measured 125 between the ends of the testing machine clamps and called initial gauge length, was 200 mm, 126 as shown in Fig. 2(b) . The testing was stopped when the geogrid rib was ruptured (Fig. 2(c) ). 127 Table 1 lists the physical and mechanical properties of the tested biaxial geogrid samples. The 128 tensile strength of the samples ranged between 1222 N to 1467 N with the corresponding 129 elongation of 57 to 109 mm. These results satisfy with the requirements of ASTM 130 D6637/D6637M-15 [22] . The average tensile strength and elongation of samples were 1341 N 131 and 81 mm, respectively. Fig. 3 shows the tensile strength versus the corresponding strains of 132 the five biaxial geogrid samples. 133
A wide tolerance before accept or reject the test results of geosynthetic products (geogrid is 134 one of these products) is permitted by ASTM D6637/D6637M-15 [22] . This is because these 135 products are extensively affected by environmental conditions of the laboratory and 136 characteristics of tested geogrid samples. However, from Figure 3 , it can be seen that there aredifferences in the results of the tensile strengths and elongations of the biaxial geogrid 138 samples. These differences are acceptable according to the limitations of ASTM 139 D6637/D6637M-15 [22] . 140 Table 2 provides details of the experimental program adopted in this study. Two categories of 143
Experimental program 141

Preparation of specimens 142
concrete specimens were prepared and tested. The first category of specimens that was 144 prepared according to Australian Standards (AS) 1012.8.4 [23] included casting and testing 145 nine concrete prism specimens with dimensions of 75 × 75 × 280 mm. These specimens were 146 divided into three groups. The first group, which is labelled Group UP, included three 147 unreinforced concrete prism specimens and taken as references. The second group consisted 148 of three concrete prism specimens reinforced with a single biaxial geogrid layer located at 20 149 mm from the top of specimen and is named Group GP20. The last three of concrete prism 150 specimens were reinforced with a biaxial geogrid layer placed at 37.5 mm from the top of 151 specimen (middle of thickness) and is labelled Group GP37. 5 . 152
The second category of specimens, which is suggested in this study to mimic as much as 153 possible the behaviour of concrete pavements, consisted of preparing and testing six concrete 154 slab specimens. They had dimensions of 30 × 280 × 280 mm, as listed in Table 2 . The 155 specimens of this category were divided into two groups. The first group included three 156 unreinforced concrete slab specimens (References) and is labelled Group US. The second 157 group included three concrete slab specimens reinforced with a single biaxial geogrid layer 158 placed at 15 mm from the top of specimen and is named Group GS. Fig. 4 and 5 show more 159 details of the concrete prism and slab specimens. 160
The 30 mm thickness of slab specimens was selected in this study to minimize the wide 161 variation of the temperature and moisture gradients the slab surfaces and the middle of 162 thickness of the slab, which are exposed to the environmental conditions. Thus, the readings 163 of the drying shrinkage collected from the gauge studs, which were located at the middle of 164 the slab depth, can be considered as the average of results of the drying shrinkage for the 165 whole slab specimen. In addition, this value of the thickness allows achieving the movement 166 and evaporation of moisture from the slab in one direction (from the top and bottom of the 167 slab surfaces only). This case simulates to the movement and evaporation of moisture for the 168 concrete pavements [1] . 169
Preparation of moulds 170
Nine standard metal moulds were used for moulding the prism specimens of the first 171 category, as shown in 
Setup of specimens 186
The dimensions of the biaxial geogrid layer embedded in the concrete specimens were lower 187 than the entire dimensions of the specimens by about 15 mm for prism specimens and 40 mm 188 for slab specimens, as shown in Fig. 8 . This is because the temperature and RH gradients at 189 the edges of concrete specimens are often regular. Thus, the variation in the temperature 190 between the top and bottom of the concrete surface can be negligible [25] . 191
To fix the geogrid reinforcement layer during the pouring of concrete at the required level of 192 the slab specimens, a small wire having a diameter of 0.05 mm was used at each corner of the 193 slab and removed after 24 hours from the casting. 194
All specimens were cast on the same day using ready-mixed concrete, which was supplied by 195
Hanson Company, Australia [26] . The proportion of concrete ingredients adopted to achieve 196 the normal compressive strength of concrete is listed in Table 3 . The slump of concrete 197 mixture, which was mixed with a 10 mm maximum aggregate size, was 150 mm. The 198 compressive strength of the concrete, which was determined according to the test of three 199 cylinders having a 150 diameter and a 200 mm height, was 37.6 MPa at 28 days age. 200
The process of pouring of concrete inside of the moulds was conducted as follows. Firstly, all 201 moulds were cleaned and lubricated using a thin coating of mineral oil. Enough amount of 202 concrete mixture was poured into the mould and distributed equally for making the required 203 concrete cover. The poured concrete was lightly compacted using the table vibrator with a 204 frequency of 50 Hz. Then, the geogrid layer was put over the concrete cover at the specified 205 location. After that, more concrete was poured into the mould up to being filled, with the 206 compaction using a table vibrator. Finally, the surface of the poured concrete was carefully 207 levelled by the steel trowel. Fig. 9 shows the prism and slab moulds cast with the concrete. 208
Testing of specimens 209
In this study, the experimental tests conducted on the concrete specimens were achieved by 210 curing and drying these specimens within the controlled environmental conditions. Australian 211 Standards (AS) 1012.8.4 [23] was adopted to conduct these tests. All specimens were 212 assembled at the same location during the whole of the curing and drying time of the 213 specimens. This is to guarantee that all specimens would be exposed to the same 214 environmental conditions. 215
The process of curing was conducted during two main stages before the specimens were 216 dried. The first stage was performed by placing the specimens inside an environmentally 217 controlled chamber, with RH of 95% or more, as shown in Figure 10 . This stage continued for 218 24 hours from the casting of the specimens. The controlled chamber used in this stage was 219 installed with two humidifiers that release a water spray. This is to ensure that the percentage 220 of RH inside the chamber remained at 95% or more. To monitor the temperature and RH 221 inside the chamber, two digital measuring devices were installed for this purpose.
The second curing stage of the specimens started after 24 hours from the casting of the 223 specimens. It was conducted by submerging the specimens in the water saturated with lime. 224
This stage continued for six days with a temperature of 23 ± 3˚ C. Figure 11 shows the two 225 containers that included the specimens and filled with lime saturated water. 226
A drying stage of the specimens, which is the stage that the specimens will start to dry and 227 shrink, started after seven days from the casting of the specimens. At this stage, the specimens 228 were placed in a drying chamber, within the temperature and RH of 23 ± 3˚ C and 60 ± 10%, 229
respectively. Fig. 12 shows the drying chamber. 230
The drying chamber, which is a fridge modified for this study to keep the temperature and RH 231 within the required level, was installed with an air heater connected with a timer to keep the 232 temperature at 23 ± 3˚ C. Also, an air fan having a 96 mm diameter was supplied to create air 233 circulation around the specimens. A high accuracy sensor of RH was installed inside the 234 drying chamber to measure the RH during the drying period. To further control the RH, 235 especially at the early age of concrete, one kilogram of silica gel particles was prepared and 236 spread inside the drying chamber. This stage continued for 56 days from the casting of the 237 specimens. 238
Experimental results and discussion 239
Nine concrete prisms and six of concrete slabs were tested by drying them in the controlled 240 environmental conditions, at a temperature of 23 ± 3˚ C and RH of 60 ± 10%. 241
The changes in the length, in one direction, of prisms and the changes in the area, in two 242 directions, of slabs were measured over the drying time. Test readings of drying shrinkage of 243 the specimens were collected at the total drying period of 7, 14, 21, 28, and 56 days. All 244 results calculated herein were the average of five readings taken for each specimen for each 245 group, which includes three specimens. These results were determined using the vertical 246 comparator device, as shown in Fig. 13 . 247
The analysis and evaluation of test results were conducted through dividing the findings into 248 four intervals, which are: 7 to 14, 14 to 21, 21 to 28, and 28 to 56 days. Fig. 14, 15 and 16 and 249 Table 3 present a summary of the experimental results. 250
Drying Shrinkage behaviour of prism specimens 251
The drying shrinkage behaviour of Groups UP, GP20 and GP37.5 were analysed and 252 evaluated. Fig. 14 shows the average of drying shrinkage strains versus the intervals of drying 253 shrinkage. 254
At the first interval, 7 to 14 days, the drying shrinkage strains of Groups GP20 and GP37.5 255 were greater than Group UP by about 7% and 14%, respectively. This is because the concrete 256 at this time still had a high percentage of porosities. These porosities, spread in the concrete 257 matrix, were still filled with the free water. This results in impairment of the bond between 258 the geogrid layer and the surrounding concrete. As a result, the role of the geogrid 259 reinforcement as a shrinkage restraining layer is lower. However, this situation is identical 260 with the behaviour of drying shrinkage of concrete pavements reinforced with fibre [1] . 261
In the following intervals, the effect of geogrid on the shrinkage behaviour of Groups GP20 262 and GP37.5 started to be visible. This is because the concrete matrix started gaining their 263 appropriate hardness. It is due to progress in the process of the hydration of concrete. As a 264 result, the property of the bond between the geogrid layer and the concrete was increased. 265
For intervals of 14 to 56 days, the drying shrinkage strains were reduced by about 3 to 15% 266
for Group GP20 and 7 to 17% for Group GP37.5 in comparison with the reference (Group 267 UP). 268
From the same figure, Fig. 14 , the drying shrinkage behaviour of Groups GP20 and GP37. 5, 269 which differed in the locations of geogrid layer, was slightly different. For intervals of 7 to 14 270 and 14 to 21 days, the percentage of increase of the drying shrinkage strains of Group GP37.5 271 was 2% to 6% more than that of Group GP20. While, for the intervals of 21 to 28 and 28 to 272 56 days, the percentage of increase of the shrinkage strains for Group GP20 was 1.2% to 3% 273 more than that of Group GP37.5. This clearly reflects the influence of location of the geogrid 274 layer in the concrete specimens, which should be located as nearly as possible to the surfaces 275 exposed to drying. 276
It should be noted that the results of drying shrinkage strains of the concrete specimens 277 reinforced with the geogrid were generally lower, when compared with the unreinforced 278 concrete specimens. It can say, this is because these specimens were dried within the 279 moderate environmental conditions, at a temperature of 23 ± 3˚ C and RH of 60 ± 10%. These 280 conditions gradually have a low impact on the shrinkage behaviour of concrete specimens in 281 conjunction with the progress of hardening process of the concrete. 282
Rate of drying shrinkage of the prism specimens 283
The rate of drying shrinkage of concrete prism specimens can be defined, for this study, as the 284 quantity measurement that aims to compare the average of drying shrinkage that occurred for 285 geogrid reinforced concrete specimens during the drying time compared to unreinforced 286 concrete specimens. 287 Fig. 15 shows results of the rate of average drying shrinkage of Groups GP20 and GP37.5 288 compared to Group UP (reference) for each interval. In this figure, the rate of average drying 289 shrinkage of Group UP was considered a fixed datum for comparison purposes and has a zero 290 value. Thus, the negative sign means that the rate of average drying shrinkage of Groups 291 GP20 and GP37.5 was greater than the reference. While the positive sign means that the rate 292 of average drying shrinkage of Groups GP20 and GP37.5 was lower than the reference. 293
It can clearly be seen that, during the interval of 7 to 14 days, the rate of drying shrinkage of 294 Groups GP20 and GP37.5 was achieved at a higher rate than the reference, about 0.0077 to 295 0.0147 mm/day, respectively. This illustrates that, when the concrete is still fresh, the geogrid 296 reinforcement may contribute in increasing the rate of drying shrinkage of concrete. 297
The rate of drying shrinkage of Groups GP20 and GP37.5 during the intervals of 14 to 21 and 298 21 to 28 became lower than the reference by about 0.0001 to 0.0014 mm/day. This 299 emphasises that the effect of geogrid reinforcement as the restraint of drying shrinkage starts 300 when the concrete had an appropriate stiffness. While at the interval of 28 to 56 days, Groups 301 GP20 and GP37.5 started to shrink at a slow rate because the specimens were dried within the 302 moderate environmental conditions. 303
Drying Shrinkage behaviour of slab specimens 304
The average of drying shrinkage strains of the concrete slab specimens versus the intervals of 305 drying shrinkage are shown in Fig. 16 . Although the slab specimens generally reflected the 306 compatible shrinkage behaviour of concrete, the drying shrinkage strains at the interval of 14 307 to 21 were slightly different. 308
However, the geogrid reinforcement proved that it has an impact in reducing the drying 309 shrinkage strains of concrete slab specimens reinforced with the geogrid (Group GS) by about 310 7% more than the reference (Group US). This is clearly demonstrated at the interval of 7 to 14 311 days. At the end of drying period, 28 to 56 days, the results of shrinkage strains of Groups US 312 and GS were nearly equal. 313
Conclusions 314
The drying shrinkage behaviour of concrete prism and slab specimens reinforced with the 315 biaxial geogrid layer was investigated. The specimens were dried within the controlled 316 environmental conditions, at a temperature of 23 ± 3˚ C and RH of 60 ± 10%. 317
The changes in the length of the prisms and the changes in the area of the slab specimens 318
were measured and evaluated. According to the findings of the test, the principal conclusions 319 can be drawn as follow: 320
1. Except of the first drying interval, 7 to 14 days, the geogrid reinforcement could reduce the 321 drying shrinkage strains of the concrete prism specimens between 0.7% to 15% more than the 322 reference. 323 2. The geogrid reinforcement could decrease the drying shrinkage strains during the early age 324 of the specimens of Group G20. While, after 21 days of the casting, the geogrid layer in both 325
Groups GP20 and GP37.5 showed nearly the same effect. 326 4. For the concrete slab specimens, the geogrid reinforcement could reduce the shrinkage 329 strains by about 7 to 28% in comparison with the control specimens. 330 5. The concrete slab specimens were suggested in this study to simulate the behaviour of 331 concrete pavements in providing a wide surface area exposed to the effect of environmental 332 conditions. However, more experimental studies are required before they are adopted. 333 Tables  391   Table 1 . Physical and mechanical properties of biaxial geogrid samples 392 Table 2 . Test matrix of experimental study 393 Table 3 . Mixture proportion of concrete [27] 394 
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